Abstract. We conducted deformation experiments to investigate the strength, deformation processes, and nature of the brittle-ductile transition of lizarditc and antigorite serpentinites. A transition from localized to distributed deformation occurs as confining pressure increases from -200 to -•400 MPa at room temperature. Deformation in both brittle (localized) and ductile (distributed) regimes is accommodated by shear microcracks, which form preferentially parallel to the (001) cleavage. Axial microcracks (mode I) are infrequently observed. Volumetric strain measurements demonstrate that brittle deformation is mostly nondilatant, consistent with the shear-dominated microcracking. Three observations indicate that deformation in the ductile regime is accommodated by cataclastic flow: (1) a lack of evidence for crystal plastic deformation, (2) a positive pressure dependence of the maximum differential stress, and (3) abundant evidence for brittle microcracking. The weakness of serpentinites relative to other brittle rocks is explained by a low fracture strength along the (001) cleavage, combined with the low pressure dependence of strength. The transition from brittle to ductile deformation occurs at the crossover between the strength of intact serpentinite and the friction law unique to each type of serpentinite, rather than the more general Byerlee's law. If brittle deformation regimes are defined based on the mode of microcracking and on the occurrence of crystal plasticity, serpentinites define an end-member style of nondilatant brittle deformation. This deformation style may result in extremely weak faults in nature, and it may also strongly influence the tectonic evolution of the oceanic lithosphere where serpentinite is present.
similar to that of granite at room temperature..." Unfortunately, this assertion has been generalized to all serpentinites, even though those experiments and subsequent work [Raleigh and Paterson, 1965; Murrell and Ismall, 1976 ] indicated that lizardite is considerably weaker than both antigorite and granite. The frictional strength of lizardite is also less than that of antigorite [Dengo and Logan, 1981 We conducted experiments on lizardite and antigorite to investigate the processes responsible for the transition from localized to distributed deformation and to determine why serpentinites are weaker than other lithospheric rocks. We measured volumetric strain and correlated the mechanical data with deformation microstructures. We observed a new style of mostly nondilatant brittle deformation. This style of deformation may substantially weaken serpentinite-bearing faults and thus control the mechanical evolution of the oceanic lithosphere where serpentinites are present.
Experimental Details
Samples Antigorite serpentinite. We used an antigorite serpentinite (VM3) that is ---90% antigorite, with less than 5% Fe oxides, and minor amounts of magnesite along veins; this is the same material studied by Reinen et al. [1994] . The rock has a weak macroscopic foliation; bands of elongated antigorite grains (<300 pm in length) with basal planes parallel to the overall foliation (bladed texture [Maltman, 1978] Lizardite serpentinite. Lizardite samples were cored from serpentinized oceanic peridotites dredged along the central MidAtlantic Ridge (samples AII60 9-10, AII60 9-75, and AII60-5 from the Woods Hole Oceanographic collection) and one of unknown origin (X). All of these rocks are comprised of >80% lizardite, minor amounts of chrysotile, and <10% magnetite and chlorite, as indicated by powder X ray diffraction patterns, optical microscopy, and TEM observations; traces of olivine, enstatite, and other Fe oxides are also found. (Figure l c) . The lizardite grains within the mesh-textured zones are <20 gm long. The grain size of lizardite is too small to determine the LPO using optical microscopy. At the TEM scale, the mesh-textured regions show no preexisting porosity or open microcracks and a high density of crystal defects (dislocations and uncharacterized planar defects, Figure 1 d) . A small amount of porosity (<5%) is present in some of the amorphous zones. As these zones comprise <10% of the sample volume, we estimate that the porosity of the samples is <0.5%. The density of the lizardite serpentinite (2660 kg/m 3) is higher than that of pure lizardite (2550 kg/m3), requiring -• 4.5% vol of iron oxides to account for the excess mass.
Westerly granite. Westerly granite was used to compare our volumetric strain measurements with data obtained previously using the same techniques [e.g., Brace et al., 1965] . The characteristics of the particular block of Westerly granite we used are described elsewhere [e.g., Brace, 1965; Wong, 1982 ].
Methods
Gas confining medium apparatus. Experiments at confining pressures (Pc) less than 400 MPa were conducted using argon as a confining medium. Cylindrical samples 15.88 mm in diameter and 25.4 + 2.5 mm in length were jacketed in copper foil and sealed with copper end caps. The samples were then pressurized to -•100 MPa, and then returned to ambient conditions, to seat the jacket and to ensure a gas-tight seal. All experiments were conducted at room temperature, and at displacement rates that correspond to strain rates from -•3.5 x 10 '4 to •3.8 x 10 '6 s 'l in average, at a constant confining pressure. The load and displacement were externally measured and digitally recorded; the load is accurate to 0.3 MPa. Two electrical strain gauges were mounted onto the collapsed copper jacket to measure axial and radial strain. Volumetric strain was calculated using the relationship: •v = • + 2 x •r, where •v, •a, and •r are the volumetric, axial, and radial engineering strain, respectively (these and other symbols are summarized in the notation section).
The calculated volumetric strain is accurate at strains <5% and/or prior to the localization of deformation on a discrete fault [e.g., Brace et al., 1966; Brace, 1978] ; strain gauge measurements are precise to strains of 0.001% and accurate to -•0.02% due to electronic noise. The small initial porosity (and therefore small permeability) of both serpentine rocks makes measurement of volume changes by variations in pore volume impractical [e.g., Brace, 1978] .
Solid confining medium apparatus. Higher-pressure experiments (Pc>300 MPa) were conducted in a modified Griggs-type apparatus using lead as the confining medium. The runs were conducted at room temperature, confining pressures from 300 to 1000 MPa, and constant displacement rates corresponding to strain rates of-l.5 x 10 '5 and -•1.5 x 10 '6 s 'l in average. Axial load and displacement were measured externally; the load is accurate to -•50 MPa. Differential stress versus axial strain curves were calculated assuming that the samples deformed homogeneously and that the volume remained constant. Cylindrical cores (6.3 mm in diameter, 10 to 14 mm long) were jacketed in a 0.25-mm-thick silver tube. Sample preparation. Samples were cored from as-received materials and ground to obtain flat ends and parallel sides. Samples of antigorite were cored at approximately 0 ø, 30 ø, 45 ø, 60 ø, and 90 ø to the weak foliation to investigate the effects of textural anisotropy.
Results of Deformation Experiments
The results of deformation experiments on antigorite, lizardite, and Westerly granite are summarized in Tables 1 and 2. Stress Versus Strain Curves Stress-strain curves for antigorite illustrate a transition from unstable faulting or strain weakening to flow at a constant stress with increasing pressure (Figures 3a and 3b) . Unstable faulting was observed at Pc=60 MPa, while strain weakening was observed at Pc = 150 and 195 MPa. The jackets of these samples showed that deformation localized on a single fault. At Pc =325 and 345 MPa the flow stress was constant (after an initial strain weakening in the first case); these samples showed a transitional style of deformation with the development of an -2-mm-wide shear zone composed of several anastomosing faults. Slight strain hardening was observed at Pc =725 and 1000 MPa; these samples deformed homogeneously.
The strength of lizardite is approximately half of that of antigorite, although the macroscopic deformation behavior of both materials is similar (Figure 3) . At Pc=200 MPa the stressstrain curves show strain weakening associated with shear localization on a fault; the run at Pc =50 MPa was stopped at the õRun 10c faulted after yielding but prior to attaining the maximum stress.
peak stress, prior to strain localization (Figure 3c ). Steady state flow or slight strain hardening was observed at Pc >-300 MPa (Figures 3c and 3d ). Similar to our observations for antigorite, the jackets of samples deformed at 300 and 400 MPa revealed a The elastic portion of the stress-strain curves (i.e., Young's modulus) is similar for experiments on antigorite conducted in both the gas and the solid medium apparatus (Figures 3a and 3b) . In contrast, the Young's modulus of lizardite displays some variability; in Figure 3d Figures 1 l a to 11d ) the total percentage of cracked grains increases, and the anisotropy in the orientation of the cracked grains decreases, consistent with a transition from localized to distributed deformation. microstructure of the starting materials is complex (Figure 1) , we cannot rule out the possibility that some plastic deformation occurred without significantly changing the density of crystal defects. Further evidence for a lack of crystal plasticity is given by a comparison of microstructures in serpentinites to those in biotite schists deformed at similar conditions. Biotite, which has a crystal structure similar to that of serpentine, deforms plastically at room temperature and develops kink bands associated with dislocation glide on the basal plane [Shea and Kronenberg, 1992] . Such kink bands were not observed in any of the deformed serpentinite samples.
Microcrack Orientations
The orientation of microcracks relative to both the shortening direction and the (001) Figure 4b . This increase in microcrack density is also accompanied by a marked change in the orientation of the microcracks. In the lower-pressure samples (Figures 11 a-11 c) , microcracks are mostly oriented parallel to the fault. In contrast, in the high-pressure run the microcracks arc distributed symmetrically about 0 ø (Figure 11 d) .
Discussion

Nondilatant Brittle Deformation by Shear Microcracking
The non-dilatant nature of brittle deformation of serpentinites is consistent with the observation that deformation is accommodated by shear microcracking. It is well documented that dilatant brittle deformation is associated with the opening of mode I (axial) microcracks [e.g., Wong, 1982] . However, significant axial microcracking is not observed in serpentinites even at confining pressures as low as 50 MPa (Figure 11 ). Because creation of void space along a shear crack is restricted to irregularities along the shear plane, this crack geometry is less effective in causing dilatancy than the opening of mode I microcracks.
Although limited dilation or compaction was detected in some runs, several lines of evidence suggest that volumetric strain measurements are influenced by inhomogeneous deformation associated with faulting. Strain measurements during and after localization are representative only of deformation in the vicinity of the strain gauges. Thus volumetric strain behavior after strain localization is not known as it cannot be measured accurately with strain gauges. In addition, optical inspection of the jackets of six deformed samples (1-46, 1-47, 1-48, 1-49, a-57, and 1-58)  shows that faults localized directly beneath one 0-46, 1-47, 1-48)   or both of the strain gauges (1-49, a-57, 1-58) . Finally, stressstrain curves also provide evidence for fault-induced inhomogeneous strain. For example, the curve for 1-55 ( Figure  7b) indicates that apparent dilation is caused by a sudden decrease in radial strain immediately prior to failure. This abrupt change is not accompanied by a similar change in the axial strain, as would be expected during homogeneous inelastic deformation.
The apparent compaction observed during some experiments on serpentinites cannot be attributed to pore collapse. Rocks with more than -5% porosity (e.g., sandstones) may display co•npaction during the initial part of the loading cycle, but ultimately dilate when strain localization occurs [e.g., Brace, 1978; Wong, 1990] . In contrast, serpentinites show limited compaction or dilation immediately prior to failure. Examination of the starting materials using both optical and TEM microscopy demonstrates that the porosity of undeformed lizardite samples is <0.5%, and that the antigorite serpentinite samples have no resolvable porosity. In addition, deformed samples lack microstructures typical of pore collapse, such as damage zones around pores, or cracks originating at pores [e.g., Hirth and Tullis, 1989; Wong, 1990; Zhang et al., 1990] .
The lack of microstructural evidence for both pore collapse (compaction) and axial microcracking ( Oy Differential stress at yield point (MPa).
x Shear stress (MPa).
